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Abstract—The paper presents the results of modeling, theoretical and experimental investigations on the
physicochemical conditions of the synthesis, calculation of the 7—x phase diagram, thermodynamics and
kinetics of crystallization, and correlation of the properties with the composition and grain sizes of semicon-
ducting solid solutions in the two-dimensional (2D) GaS—GaSe system, in which the complete range of
GaS,Se| _, (0 <x<1) solid solutions is formed. GaS,Se; _, (0 <x < 1) solid solutions are synthesized and,
using the methods of physicochemical analysis, individual thermodynamic phases are identified. In the con-
text of the developed model of solutions close to ideal solutions, the physicochemical and thermodynamic
patterns of behavior of the GaS—GaSe 7—x phase diagram are determined. Using a thermodynamic tech-
nique, the temperature-concentration dependences of the change in the Gibbs free energy for GaS,Se; _
+ (0=x<1) solid solutions are determined. The regularities of the kinetics of nucleation and crystallization,
as well as the thermodynamics of cluster formation in multicomponent 2D systems are modeled. Electronic
band structures of 2D GaS and GaSe are calculated within the framework of density functional theory. From
theoretical calculations, the band gaps for GaS and GaSe monolayers are determined. The electrical absorp-
tion spectra of amorphous-film and bulk single-crystal GaSe samples are analyzed.
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1. INTRODUCTION

Investigations of low-dimensional, in particular,
semiconducting, materials are interdisciplinary and
involve physical technology, chemistry, engineering,
and biology. The synthesis, characterization, assem-
bling, and processing of such materials and nanoparti-
cles has advanced considerably. In this field, materials
based on two-dimensional (2D) systems are still a
developing subject. Although synthesis of 2D materi-
als is one of fields of materials science and technology
currently being developed, there are no general rules
for synthesizing (e.g., nanoparticles), designing
micro- and nanostructures, and processing bulk
materials based on nanoparticles [1].

As a result, it is important to comprehensively
study specific 2D systems and ensure that they are sys-
tematically considered for application in semiconduc-
tor electronics. Nevertheless, the common patterns of
the synthesis and correlations of the properties with
the structure, composition, and important physico-

chemical and technological factors of multicompo-
nent 2D systems are absent.

In relation to this, vital and interesting but intricate
systems based on layered chalcogenides of the III group
elements, in particular gallium chalcogenides, have
been intensively studied in recent years. Investigation
of the correlation of the properties with the composi-
tion and grain size focused on the thermodynamic and
kinetic features of obtaining solid solutions in the
GaS—GaSe system is the aim of the present research.

Since the size of an atom is ~1 A, a cluster of | nm
in radius includes ~25 atoms and most atoms are situ-
ated at the surface. If the size of nanoparticles in such
a cluster are smaller than the critical size, then they
characterize many physical phenomena or quantum
effects in materials, and in particular, the wavelength
and the electron mean free path in semiconductors;
i.e., when the dimension is smaller than these critical
lengths, new physical and physicochemical properties
arise. This makes nanoparticles a fascinating and
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unique class of material compared to large molecules
of hundreds or thousands of atoms.

Below, we briefly consider examples of semicon-
ducting systems including 2D materials based on 11—
VI compounds. The interest in the 2D semiconduct-
ing materials based on I1I—VI compounds, for which
quantum effects are typical, is due to the potential of
their application in nanoscale devices. In 2D I1I1-VI
crystals, the type of the chemical bond within layers is
covalent; and between the layers, it is the weak Van der
Waals bond. Due to this, for III-VI compounds,
anisotropic properties are typical. In terms of the opti-
cal and electrical properties, the III—VI crystals, e.g.,
GaS [2, 3], GaSe [4, 5], InSe |6, 7], and TIS [8, 9], are
close to the promising materials of nanotechnology,
such as graphene [10] and topological insulators.

The data on the crystal structure and electronic
structure of the GaS and GaSe compounds are known
[5, 11]. The GaS and GaSe crystals pertain to the hex-
agonal system and are characterized by a layered struc-

ture and the D31h — P6m?2 space group. They have dif-
ferent polytypes. For instance, GaSe has four poly-
types: B-, e-, y-, and 8-GaSe [5, 11]. At room
temperature, B-GaS and e-GaSe, respectively are
thermodynamically more stable polytypes. GaS and
GaSe are wide-gap semiconductors and have band-
gap energies of 2.53 and 1.98 €V, respectively, at room
temperature. They possess a series of advantages over
other 2D materials: a wide range of operating tem-
peratures, the possibility of creating light-emitting
devices in the visible region based on them, high values
of the critical field of electrical breakdown, and radia-
tional stability [ 12—16]. GaS and GaSe form the com-
plete range of GaS . Se,_,(0<x<1) solid solutions
between each other [5, 17—19].

However, GaS and GaSe polycrystals and single
crystals, as well as GaS,Se, _, solid solutions, formed
from a melt often have an inhomogeneous distribution
of the density of the dislocations, just as other multi-
component melts [20—25]. These disturbances lead to
mechanical stress and the formation of intrinsic point
defects in the lattice. As a consequence, the resulting
material possesses irreproducible electrical, optical,
photoelectric, luminescent, and other physical char-
acteristics. In addition, the synthesis and investigation
of the properties of GaS and GaSe are complicated by
the formation of different polytypes.

In comparison to their bulk analogues, 2D crystals,
including GaS and GaSe, exhibit new physical prop-
erties and potential for application in electronic and
optoelectronic devices of the new generation. Never-
theless, the controlled synthesis of large homogeneous
crystals and 2D layers remains a technological chal-
lenge. Let us consider several specific examples.

Two-dimensional nanostructures are attracting
attention due to the quantum effects discovered in
them. In [26], the results on the synthesis of 2D mate-
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rials based on GaSe with several nanolayers for high-
performance photodetectors are presented. Compari-
son of the critical parameters of 2D nanostructured
photodetectors shows that, e.g., the quantum effi-
ciency of a GaSe monolayer is 85 times greater than
that of graphene and 4557 times greater than that of
graphene oxide.

The results of the investigation of the controlled
vapor phase growth of 2D GaSe single crystals with a
high photoresponse are given in [27]. It is shown that,
using vapor-phase deposition, homogeneous (up to
60 mm in the cross section) 2D GaSe single crystals
were deposited on SiO,/Si substrates. The process was
controlled by the duration, region, and temperature of
growth, as well as the carrier gas (argon) flow rate.
However, obtaining a stoichiometric GaSe composi-
tion in this way was problematic.

In [28], a synthesis of multilayer GaS, _,Se, with
adjustable compositions in the complete range of
x = 0—1 was reported. The synthesis was carried out
in a quartz-tube reactor by the vapor-phase chemical
transport. As the starting components, Ga,S;
(99.99%, Sigma-Aldrich) and Ga,Se; (99.99%, Alfa)
powders were used. To grow multilayer nanosheets, a
Si substrate was employed to deposit layers onto it at
700°C. The composition was controlled by the evapo-
ration temperature and the proportion between the
compositions of the two starting powders. For the uni-
form growth of 300-nm-thick monolayers on the
Si0,/Si substrates, a two-zone furnace was used, in
which zones 1 (starting components) and II (for
monolayer growth) were heated to 950 and 700°C,
respectively. Next, the growth was conducted at these
temperatures for 2 to 10 min at a pressure of 20 Torr in
an argon atmosphere. It was shown that the obtained
multilayer nanoplatelets of alloys in the GaS—GaSe
system have a band-gap energy of E,=2.0—-2.5¢€V,
and the E, value can be tuned linearly in the spectral
range from the red to the green light. The epitaxial
growth of monolayers leads to a drastic increase in
E, up to 3.3 to 3.4 eV, which shifts radiation to the UV
region. The ab initio calculations predict that E, for
GaS and GaSe monolayers is 3.325 and 3.001 eV,
respectively. When the number of layers is increased to
three, the E, energies of both direct and indirect tran-
sitions decrease considerably and £, for the indirect
transition approaches the value for a multilayer plate-
let. It is worth noting that formation of a stoichiomet-
ric composition of multilayer nanoplatelets and
obtaining reproducible results using the described
technologically challenging technique is problematic.

The reasons for the nonuniform distribution of the
structural defects across the volume of the crystals
formed in the GaS—GaSe system are determined by
several processes. The main causes are crystallization,
postcrystallization cooling, and the thermal treatment
of the crystals, resulting in gradients of the concentra-
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tion, chemical potential, and temperature. However,
the parameters affecting the formation of the structure
and the physical properties of GaS,Se, _, in the con-
text of the thermodynamic modeling and theory of
crystallization of nanophases are still not established.

From this it follows that applying the thermody-
namic and Kkinetic theories of crystallization to
describe the formation and evolution of specific struc-
tures and polytypes in the form of bulk and thin-film
samples based on the GaS—GaSe system is consider-
ably complicated by a series of unsettled issues. In par-
ticular, in creating multicomponent materials with a
desired set of properties, it is crucial to not only syn-
thesize the substance with a certain chemical compo-
sition but also directedly form its structure.

This study aims to carry out a theoretical and
experimental investigation on the physicochemical
conditions of synthesis, calculation of the 7—x phase
diagram, thermodynamics and kinetics of crystalliza-
tion, and correlation of the properties with the compo-
sition of phases and grain size of 2D GaS,Se,_,
(x = 0—1.0 mole fraction) solid solutions.

2. EXPERIMENTAL AND THEORY
Materials

GaS and GaSe binary compounds were synthe-
sized from pure elemental gallium (Ga-5 N), sulfur
(B5), and selenium (17-3 special-purity grade). The
compounds were synthesized by melting the initial
elements taken in stoichiometric proportions in the
evacuated (102 Pa) quartz cells. The cells with the
corresponding components for the synthesis of 2D
GaS and GaSe were placed in an electric furnace and
the temperatures were increased higher than the melt-
ing points of these compounds by 10 to 15 K (the melt-
ing points of GaS and GaSe are 1288 and 1211 K,
respectively). At temperatures higher than the GaS
and GaSe melting temperatures, the cells can break
because of the high pressure of chalcogen vapors. The
cells with molten GaS and GaSe were held for 6 to 8 h,
then they were cooled to 500 K and the furnace was
switched off. In this way, the cells with GaS and GaSe
were spontaneously cooled to room temperature.

The synthesized p-type GaS and GaSe semicon-
ductor compounds were identified by differential ther-
mal analysis (DTA) (NETZSCH 404 F1 Pegasus deri-
vatograph) and powder X-ray diffraction (XRD)
(Bruker D8 ADVANCE diffractometer with Cu K,
radiation) [5]. The temperature-phase changes were
determined with an accuracy of £1 K. The error of the
determination of the cell parameters did not exceed
0.003 A.

After that, by melting stoichiometric amounts of
the GaS and GaSe compounds obtained earlier in
evacuated (1072 Pa) quartz cells, samples of GaS,Se,_,
solid solutions (x = 0—1.0) in the GaS—GaSe system
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were obtained. GaS,Se, _, single crystals were grown
by directional solidification. The cells with the sam-
ples were grown to the melting points of the samples,
and then the melts were solidified. The solidification
interface velocity was varied in the range of 0.5 to
1.1 mm/h (Bridgman method). The properties were
studied with both film [12] and single-crystal samples.

The band structure and electronic properties of
GaS and GaSe with a layered structure were investi-
gated in the context of the ab initio method based on
the density functional theory (DFT). Geometry opti-
mization and calculation of the total energy was car-
ried out using the package for simulation of the
exchange-correlation potential in a version of a gener-
alized gradient approximation (GGA) by Perdew,
Burke, and Ernzerhof (PBE) [10]. The total and par-
tial densities of the electronic states in the GaS and
GaSe compounds and their monolayers were ana-
lyzed.

Factors of Isomorphic Interchangeability
of Atoms in Crystals

In the estimation of the interchangeability of the
isomorphic GaS and GaSe components, we consid-
ered four well-known factors affecting the isomorphic
interchangeability of atoms in the solid-solution crys-
tals: the criterion of chemical indifference of the
atoms, the factor of atomic size, the factor of the like-
lihood of the nature of the interatomic bond, and the
factor telling us whether the crystal structures are iso-
structural or not. In particular, according to the first
criterion, isomorphic mixtures are formed due to the
kinetic energy of the particles’ motion. Such mixtures
are close to ideal solutions, in which the forces of
interaction between the molecules of different compo-
nents are equal to the forces at which the molecules of
the same component act on each other. In other
words, if the GaS particles form an isomorphic mix-
ture with the GaSe particles, then, for an ideal solu-
tion, the force of interaction between the GaS and
GaSe particles will be the same as that between the
GaS and GaS particles and that between GaSe and
GaSe. This condition rules out the formation of
chemical compounds.

Thermodynamic Properties

The T—x phase diagram for the quasi-binary GaS—
GaSe system with a complete range of solid solutions
was calculated from the thermodynamic data using the
Gibbs energies for the corresponding GaS (1) and
GaSe (2) phases. For the thermodynamic calculation
ofthe 7T—x phase diagram of the binary system 1—2, we
used the technique proposed in [5, 29] involving the
relationships between the concentrations of the initial
components and their thermodynamic functions of

melting (™). Therefore, the liquidus lines (the lines
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in which the primary solidification begins) and solidus
lines (the lines in which the primary solidification
ends) in the 7—x diagram of system 1—2 with the com-
plete ranges of liquid and solid solutions were
described using the formulas

xll = %a xls = mells
F-F
AH[O,m (T—ly;—l,m) (1)
F™ = exp :
R

where xll and x; are the mole fractions of compound (1)
in equilibrium liquid and solid solutions, respectively,

7" and AH"™ are the melting temperature and melt-

ing enthalpy for the ith component, and R is the uni-
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versal gas constant. The equilibrium 7—x phase dia-
gram for the GaS—GaSe system was calculated as fol-

m
i

lows. Firstly, for each specific liquidus value 7, , the
E™ and F," values were calculated, and, then, using
Eq. (1), the values of compositions xll and x; were
approximated.

The concentration-temperature dependences of

the Gibbs free energy (AG? =f(xT )) of the forma-

tion of the GaS,Se, _, solid solutions (0 <x < 1) were
calculated using the model of a solution including
nonmolecular compounds [5, 30]. The equation for

AG? of the GaS,Se,_, solid solutions made of the
binary components constituting them, at p, 7 = const,
has the form

A,Gy (Jmol™) = (1—-x) A Hyy, (GaS) + XA Hy, (GaSe) — (1 - x) TA ;Syq (GaS)

T

— XTA,S% (GaSe) — TAC' 5 [m (—) +(ﬁ) - 1} )

298 T

+ 8314T[(1 - X) In (1 - )C) + xIn (x)] + Ang,ex’

where x is the GaS mole fraction; (1 — x) is the GaSe

mole fraction; AHS98 and AS’B% are the enthalpy and
entropy of formation of the GaSe and GaS com-

pounds; AC;)’298 is the difference in the heat capacities
of the GaS,Se, _, solid solutions and GaSe and GaS

compounds, respectively; and AGy® is the excess
molar Gibbs free energy of mixing, related to the
chemical interaction of different sorts of atoms. From

the thermodynamics, A ;G = A ;G +AGy™™, where
A ng’ex is the molar Gibbs free energy of the component

in the given phase and A /»Gg% is the Gibbs free energy in
the reference state for this phase. The excess thermody-

namic functions of mixing, in particular, A ng’ex charac-
terize deviations of the real systems (solutions) from
the ideal systems: A @57 = A D, + A Do

mix

3. RESULTS AND DISCUSSION
Physicochemical Properties

The structure and properties of bulk samples of
GaS (light-yellow) and GaSe (dark-red) binary com-
pounds are known to have been studied in the litera-
ture in detail. In synthesis and solidification, different
polytypes of these semiconductor compounds with a
layered structure form. Both of them belong to the
GaS structure type, in which each gallium atom is
bonded to three chalcogen atoms and another gallium
atom.
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The XRD and DTA data for the samples of the GaS
and GaSe components confirm that the components are
completely soluble in each other in both the liquid and
solid states. As an example, Fig. 1 shows the X-ray pow-
der pattern for pure B-GaS, which crystallizes in a hexag-
onal system with the space group P6, / mmec . This crystal
polytype has the following unit cell parameters:
a=4.002 £ 0.002 A and ¢ = 15.44 + 0.005 A. For the
B-GaSe hexagonal structure, the lattice parameters
are 3.755 £ 0.002 A and ¢ = 15.475 + 0.005 A at room
temperature. The obtained unit cell parameters for
GaS and GaSe agree with the data of [5, 11].

Thermodynamic Calculations

The 7—x phase diagram of the GaS—GaSe system
studied by us and calculated using Eq. (1) is shown in
Fig. 2. From the DTA data, for the GaSe and GaS
components, the following melting parameters are

obtained [5]: AH™(GaSe) = 30300 % 200 J/mol,
T"(GaSe) = 1211 £ 3K, AH™(GaS) = 34800 =+

200 J/mol, and T™(GaS) = 1288 + 3 K. The GaS—
GaSe T—x phase diagram, or, to be more precise, the

liquidus (T’ 1) and solidus (7°) lines, were calculated
taking into account the indicated data for the process
of melting the components.

The T—x phase diagram of the GaS—GaSe system
is characterized by the complete mutual solubility of
the starting components. More specifically, the com-
ponents form a complete range of solid solutions and
the 7—x diagram has a minimum in the liquidus curve.
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Fig. 1. X-ray powder pattern for single crystal of stable f-Gas polytype.

The minimum corresponds to the following coordi-
nates: ~0.7 GaSe mole fraction and 1200 = 1 K. At
these coordinates, the compositions of the two equi-
librium phases are equal and the GaS—GaSe system
degenerates into a quasi-single-component one; i.e.,
the composition corresponding to the minimum in the
GaS—GaSe T—x phase diagram can be regarded as an
individual component.

The GaS—GaSe T—x phase diagram with the min-
imum point belongs to the third type in the Roseboom
classification. The analytical solidus and liquidus tem-
peratures are somewhat different from the experimen-
tal data (for the solidus, the difference was ~5 K and
that for the liquidus was ~10 K). In the minimum
point of the 7—x phase diagram, the melt with the cor-
responding composition melts congruently; i.e., the
liquid phase passes into the solid phase with the same
composition.

The formation of complete GaS,Se, _, solid solu-
tions in the GaS—GaSe system corresponds to the
empirical criteria: the size of atoms Ar/r < 15% (Hold-
schmidt’s rule), the same crystal structures, and simi-
lar electronegativity: [yA — xB| < 0.6. The crystals of
the GaS,Se,_, isomorphic mixture are uniform and
single-phase, and the species of the isomorphic mix-
ture are distributed in the unit cells of the GaS and
GaSe crystals statistically. The interaction between the
GaS and GaSe components leads to the formation of
phases with variable composition, and the properties
change continuously within the homogeneity region.
The XRD analysis of GaS,Se, _, (0 <x<1) reveals that
these solid solutions form substitutional phases without
changes to the symmetry of the crystal structure.

At the minimum point of the 7—x diagram, the
change in the total Gibbs free energy AG,,, when the
melt is cooled with subsequent solidification takes
place due to two contributions. The first part of AG,,
is due to a decrease in the system’s energy during
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solidification. The system’s energy AG,, decreases by
the value G,= VAG,~n® (V is the volume of the
monomer nucleus—germ, AGy, is the specific differ-
ence in the free energies when the melt transits to the
crystalline state, and #® is the number of particles).
Conversely, the second part of AG,, increases by the
value equal to the work of the formation of the inter-
face G, =s0 ~ n? (o is the specific surface tension at
the crystal—liquid interface and s is the germ’s surface
area). Supposing that each formed nucleus of the ther-
modynamic phase is a sphere with radius », we may
write AG,, = PAGy + 6/°C.

New clusters with subcritical sizes (# < r*) formed
from monomers characterize germs, and clusters with
a radius larger than r* characterize nuclei. From here,
it follows that the germs larger than the critical size
(r > r*) cause a decrease in AG,; i.e., such germs will
be stable and capable of further growth. Consequently,
up to the first approximation, the process of the for-
mation of an ordered phase agrees with the criteria of

1300
121828816 p = const
1260 +
N4
~ 1240}
1220+
1211 K

1200{- =P

0 02 04 06 08 10

GaS GaSe mole fraction GaSe

Fig. 2. Calculated (curves) and experimental (dots) phase
diagram in GaS—GaSe system.
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the thermodynamic theory of the formation of a new
phase.

Let us analyze the solutions in the GaS—GaSe sys-
tem thermodynamically taking into account the Gibbs
free energy G, which, like any other extensive (mass-
dependent) thermodynamic function of a solution, is
determined by the external parameters (p and 7, the
pressure and temperature) and by the solution’s com-

position: G = f(p,T,x,x,). On condition that

p = const, the dependences A ng (x,T) were calcu-
lated for the formation of GaS,Se, _, solid solutions
using Eq. (2). In Eq. (2), the last two terms are the free
energy of mixing during the GaS, Se,_, formation,
which involve the partial molar thermodynamic quan-
tities for the GaS and GaSe components.

According to the theory of solutions, the function
of mixing ®"* (or the relative partial molar quantity)
characterizes the difference between the partial molar
quantity for the component in the solution and the
molar quantity for the pure component; i.e., ®™
characterizes the change in the total thermodynamic
function when 1 mole of a pure substance is mixed
with an infinitely large amount of solution with the
given composition at constant 7" and p. From here, it
follows that the partial molar function of mixing
——mi

o =0 ;= (I)? is the function of mixing characteriz-
ing the individual solution component, where @, is the

total partial molar quantity and q)? is the molar quan-
tity for the pure component i.

To describe the thermodynamic functions of state,
in particular, the Gibbs energy of the pure components
in a condensed state using the CALPHAD approach
(CALculation of PHAse Diagrams), generally, the
Scientific Group Thermodata Europe (SGTE) data-
base (DB) is employed. In the SGTE DB, there are
data for calculating the Gibbs energy of the elements in
different phase states, including metastable ones, for
wide temperature ranges. However, in the approxima-
tion of the GaS—GaSe T—x phase diagram, we used the
experimental and tabulated reference thermodynamic
data. For the calculations, the following averaged molar

A,G;"™ (Ga$S - GaSesol.solution) = (4000 — 3000x”) x (1 - x)
(I-x)In(1-x)].

+ RT [xIn(x) +

Employing Eq. (4), in the temperature range 300—
1200 K, the temperature dependence of the free energy
of mixing components in the GaS—GaSe system was
approximated. The calculated concentration-tempera-

ture dependences, in particular, A Gy’ Y= f (x,T) of
the components, agree with the GaS—GaSe T—x
phase diagram (Fig. 3). As is seen from the figure, at
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thermodynamic functions for the GaS and GaSe com-
pounds were taken: A Hjs(GaS)=-194650 +
14650 J/mol, Anggg (GaS) = 420 = 290 J/(mol K);

A +Hyys (GaSe) = —159000 J/mol, and A .Sys (GaSe) =
—11 J/(mol K).

The concentration dependences ACyy = f(x) of
the heat capacity of the GaS,Se,_, solid solutions
were calculated taking into account the heat capacities

Cg’m of the GaS and GaSe binary compounds; at

room temperature, Cg’zgg (GaS) =47 £ 1J/(mol K)
and C) 555 (GaSe) =48 + 1J/(mol K).

Considering the phase diagram of the GaS—GaSe
system, for the GaS and GaSe compounds, the excess
partial molar Gibbs free energies A fGTO’ex were calcu-
lated [5]:

!

where T* is the temperature in the solidus line of the
T—x phase diagram. The entropy parameters of melting
A fS,'" of the corresponding compounds were determined
from the formula A S = A H" [T". A,S]" (GaS) =

27.340.1J/(mol K) and A S"(GaSe) = 25.4+
0.1J/(mol K).

Using the partial quantities A fGTO’CX for the GaSe
and GaS compounds, the integrated excess molar free

energy A,G; for GaS.Se, , solid solutions

(0 £ x £1) was calculated. Next, taking into account
the molar enthalpy and entropy of formation of the

GaS and GaSe compounds, as well as A, Gy and

ACI(,),298 , with the use of Eq. (2), we determined the free

mix

energy of mixing A,Gr
GaS,Se, _, solid solutions:

for the formation of

C))

different temperatures, the sensitive quantity A ,G;™ is
correlated to the concentration dependence of the free
energy of the distortion of the chemical bonds in the
GaS,Se, _, solid solutions.

For the mixing reaction, the temperature depen-
dence of the enthalpy of mixing was calculated
according to Kirchhoff’s law:
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T
AHP™ =AHPN + [A(VC,)OT,
T

A(vC,) = C, (sol. solution) — (x,C,; + x,C,,).
At T'> 300 K, the C,, of the solid solutions obeys the
additive rule (Neumann—Kopp law). The A  H;' X quan-

tity does not differ significantly from A .G Y= f(x.T)
with change in the concentration and temperature of
GaS,Se, _, solid solutions.

The formation of a solid solution (sol. solution)
from a mixture of GaS and GaSe compounds can be

written in the form of the xGaS + (1 - x)GaSe —
GaS,Se,_, reaction. For this mixing reaction

A,GE = NG = A,G™
= G(GaS,Se, ,) (5)
- [xG(GaS) + (1 — x)G (GaSe)] .

For this reaction, A,G;* < 0, and it proceeds in the
direction from the reactants to the products (sol. solu-
tion): G (GaS,Se,_,) < G(GaS) + G (GaSe); i.e., ther-
modynamically, the solid solution is more stable. The

A ;Gyoq value differed by <5% from the total thermody-

namic quantity A Gy (GaS — GaSesol.solution).
Therefore, in the synthesis, if the effect of the kinetic
factors in negligible, solid solutions will form and they
will not be decomposed with decreasing temperature.

Thus, the Gibbs free energy of mixing for the sys-
tems close to ideal ones, including the complete range
of solid solutions, will be the difference between the
value of this function for the solid solution and that for
the mixture of the initial components. If we take any
thermodynamic function, then, for ideal systems, e.g.,
A—B,

A, @™ = ®(sol.solution)
—[x®(A)+ (1-x)D(B)].

However, there turns out to be a small deviation of
the calculated liquidus and solidus from the experi-
mental data in GaS,Se;_, (0<x <1). This can be
related to the aggregate state of the phases which are
distinctive in the intermolecular interaction between
molecules. In other words, this deviation may be con-
nected with the disturbance of the proportion between
the attractive forces and the repulsive forces between
the molecules of the starting substances in different
phases.

If we consider that, at a distance of ¥ = r, (Where r,
is the equilibrium distance between molecules), the
resulting force F= 0, i.e., the attractive and repulsive
forces cancel out each other, then, in the presence of
thermal motion, F #0. In other words, at r<r,,
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Fig. 3. Concentration-temperature dependence of Gibbs
free energy of mixing calculated for GaS,Se,_, solid
solutions (x = 0—1 mole fraction) using Eq. (4) and data
for GaS and GaSe. (/) 300, (2) 800, and (3) 1200 K.

repulsive forces dominate (F> 0), and, at r > r,, attrac-
tive forces dominate (F< 0). At distances »> 10~ m,

there are no forces of intermolecular interaction
(F—0).

When increasing the distance between molecules
by dr, the elementary work 84 of force F is done
through the decrease in the mutual potential energy

(E,o) of the molecules; i.e., 64 = Fdr =—dE,,,. From

pot *
the characteristic dependence E,,, = f(r) for molec-
ular systems, it follows that, if the molecules are situ-
ated at a distance of r— oo from each other, then

E,=0.
When molecules are drawn to each other, attractive
forces (F<0) appear between them and

04 = Fdr > 0. Then E,, decreases and reaches the
minimum at r = r,. With decreasing », when r < r,
repulsive forces (F > 0) rise and the work done against
them will be 64 = Fdr < 0. In addition, E,,, rises and
becomes E,, > 0. Therefore, the system of two inter-
acting molecules in the state » = r, has the minimum

min

of the potential energy (£, ).

Kinetics of Nucleation in Multicomponent Systems

In a multicomponent system, determining the con-
ditions of a clustering process is mainly hindered by
the kinetic aspects of nucleation indicated below:
determining the form of the distribution of the clusters
and the contribution of the interface and diffusion
fluxes to the nucleation process, and calculating the
nucleation rate.

As opposed to the single-component case, during
the kinetic development, the composition of a multi-
component cluster differs from that of a cluster in the
initial phase. Nucleation and growth of this cluster will
include both attachment of molecules at the interface
and transfer of the cluster through the initial phase to
the interphase region. The link between the indicated
processes is complicated compared to growth due to
Vol. 49
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the stochastic character of the cluster’s evolution in
the vicinity of the critical size. Under these conditions,
the interphase rates are likely to be different for differ-
ent types of atoms due to long-distance diffusion, and
the rate of growth of large clusters will be connected
with diffusion-limited growth. The change in the
composition in the regions of the initial phase and in
the vicinity of each cluster will depend on time. The
composition of clusters themselves may depend on the
time and size. A technological prehistory is also
known to have a noticeable effect on the subsequent
character of nucleation.

The composition corresponding to the minimum
point in the 7—x diagram of the 2D GaS—GaSe sys-
tem can be considered as single-component. Let us
analyze such a thermodynamically stable composition
GaS, ;Se,; within the scope of the homogeneous
nucleation theory taking into account the energy bar-
rier of the nucleation. Let us assume that the phase
transformations in the region of metastability are initi-
ated in the starting phase (GaS, ;Se, ;) by the nucle-
ation of small regions of a new phase, which then grow
to a microscopic size. Nucleation is characterized by
oscillations of the so-called order parameter for densi-
ties, atomic structures, or chemical composition of the
starting and new phases. These fluctuations for clus-
ters of several particles (or molecules), in a configura-
tion of a new phase, will be localized and statistically
distributed in both space and time. The probability of
the onset of oscillations is determined by the thermo-
dynamic conditions, in particular, the minimum work
necessary for creating oscillations.

The nucleation energy barrier arises due to the loss
of energy for the creation of the interface between the
cluster and the initial phase. If the phase transition is
thermodynamically favorable, large clusters of a new
phase should have a smaller free energy than that of
the same particles preserving the configuration of the
initial phase. However, the particles in the interface
region between the initial and new phases have a
higher energy state than that in the two macroscopic
phases. For small clusters of the new phase, the major-
ity of particles will be in the interphase region; there-
fore, creation of such clusters will consume work.

For the critical cluster with radius »* containing n*
particles, the work of cluster formation will have max-
imum W?*, which is a nucleation barrier. As the clus-
ters grow beyond the critical size, the proportion of
particles in the interphase region decreases, as does
the work of cluster formation. That is why the clusters
larger than r* (or n*) will grow to complete the phase
transformation. The number of clusters crossing this
critical size per unit time will be the nucleation rate.

Let us consider the thermodynamics of cluster for-
mation. Based on the statistical grounds, entropy S is
determined by the number of available states (w) in a
thermodynamic system. Oscillations in a small vol-
ume will be accompanied by changes in entropy (AS)
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from the bulk (or average) value (S), which reflects
the change in the number of available states from S,
ie., fromwytow: AS =8 — 8 = kg Inw/w,, where kg
is the Boltzmann constant. When a homogeneous

medium is balanced out in a time shorter than that
necessary for a fluctuation to form, probability P of

the emergence of a fluctuation is P o exp(AS/ kg),

which is expressed through the minimum work Wmin
required for the formation of a fluctuation:

Po< exp(-W™" [kyT).

Kinetics of Crystallization

Let us consider the solid—liquid reactions typical
for obtaining semiconductor materials. Investigating
systems consisting of small molecules, Ostwald (Ost-
wald, 1897), apparently, for the first time in the litera-
ture, described the rule of stages and conditions of the
“ripening” of crystals. It is the so-called process of
Ostwald ripening. According to the rule of stages of
crystallization, the process of the transformation of
unstable (or metastable) states into stable ones pro-
ceeds step-by-step. Usually, the products formed first
are thermodynamically unstable. They are intermedi-
ate products possessing the free energies close to those
in the initial state.

The second issue dealing with the metastable state
is the contribution of the interphase free energy to the
total free energy of the system. This energy contribu-
tion is small for crystals larger than 1 um. In the pro-
cess taking place under equilibrium conditions, i.e.,
during the Ostwald ripening, large crystals grow
through the dissolution of smaller ones. At the begin-
ning of the process, a multitude of small crystals can
form in the system; next, most of them disappear,
except for several crystals which are enlarged by incor-
porating other crystals.

Let us consider the physical kinetics of the growth
of nanocrystallites in a liquid disperse medium. For
such a case, diffusion is the main kinetic factor affect-
ing both the nucleation and growth of crystals. Diffu-
sion is described with the diffusion coefficient

D = D, exp _Eo(T) () ,
kgT

where Ep, is the diffusion activation energy, which, in

the first place, determines the nucleation and growth
of a crystal.

According to the classical notions, the growth of
crystals from a solution which is a heterogeneous
disperse system is related to diffusion effects. These
effects can cause the deposition of grains of the second
phase in a supersaturated solution containing one or
several solid substances distributed in a liquid disperse
medium. Such a diffusion process of deposition corre-
sponds to the Ostwald ripening. The kinetic model
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Table 1. Laws of the nucleation rate and their expressions

ASADOV et al.

B_N) Integrated form (N)

oT

Law for nucleation rate Differential form (.] =
1 _Knuct
Exponential KoucNoe
Constant-rate KNy
Instantaneous ©o

No (1-e")
KnucNOI
No

corresponding to such a diffusion mechanism can be
presented as the process in which several grains grow
and then dissolve later. At the same time, other grains
will be enlarged and incorporate the extra grains which
they encounter.

For the mentioned crystallization processes, in the
kinetic theory of deposition of nanoparticles, it is
assumed that the particle radius changes as the power

law 7" — 7" o< ¢, where n is the index of the power law.
Its value depends on the limitation of the stage of the
phase growth and characterizes the solubility of a par-
ticle as a function of the particle size.

Under the conditions of diluted solutions, in which
the diffusion of ions through a solution is a limiting
stage, for the power law, n = 3. Under the conditions
of concentrated solutions, e.g., in the case of the for-
mation of germs in alloys, depending on the limiting
stage involved in the interphase reactions (dissolution
or redeposition), the coefficient n = 2—4.

Growth of a nanoparticle from a liquid disperse
medium (from a suspension) can proceed via a mech-
anism that is different from the Ostwald ripening
mechanism. If we represent the growth process as a
chemical reaction, then the particles distributed in the
liquid disperse medium should contact each other,
and their intergrowth becomes possible; i.e., in such
an interaction between two particles, depending on
their orientation, the third phase should form and a
new phase will be deposited. For such a reaction sim-
ilar to a chemical reaction and the subsequent deposi-
tion process, the particle size can be determined by the
expression [31]

3 3 at 3
equi i = '; H
1+ at

(6)
where r,,; is the particle’s equivalent radius at
moment #; # is the average radius of the initial particle;
a =N ykgT [Ay]/n is the constant determined by tem-
perature 7 and the viscosity of the medium
n= nOeE“/ NA%T T 4,] is the initial concentration of the
crystallites (nanoparticles), N, is the Avogadro num-
ber, m, is the kinetic preexponential factor, which
depends on temperature weakly compared to the
exponential term in Eq. (5), and E, = E, (T) is the
activation energy of the viscous flow, depending on T
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on the whole. Having determined all the terms in
Eq. (6), we can estimate the average radius of the
nanoparticles as a time function at the beginning
stages of synthesis.

For different rates of nucleation of the first germ,
familiar [32] expressions are listed in Table 1.

In Table 1, N is the number of growth nuclei pres-
ent at time moment # and K . is the nucleation rate

nuc
constant. If the crystallization process is forced, mul-
tistep crystallization takes place and the rate of germ

nucleation, in particular, when the solution is heated,
is expressed in the form J = Zwi" ™ (differential

form) or J = Zt" (integrated form), where w is the
heating rate and Zis the complex parameter consisting

of No(K, )" / w. The isothermal crystallization rate
for metals and alloys is estimated using the Johnson—
Mehl—Avrami—Erofeev—Kolmogorov relationship. It
is assumed that crystallization is controlled at the
interface, and the formula for the rate of such diffu-
sion-controlled crystallization is expressed by the
Avrami—type equation

o (1)1 —exp = [—(KTt)"],

where o (¢) is the dimensionless degree of the trans-
formation in time 7 or the kinetic degree of the trans-
formation (crystallization) (0 < o () £ 1), K7 is the
overall rate constant (including both the nucleation
rate and the growth rate), and n = n,,. — n is the

nuc Erow

parameter (Avrami index) depending on the crystalli-
zation mechanism (Table 1).

Let us suppose that the formed phase of the end
product in the bulk form, e.g., crystals, is internally
uniform and has the same structure, composition, and
properties. Then, the Gibbs free energy of the forma-
tion of a crystalline germ with radius 7 is

AG(r) = ‘3-‘nr3AGcr_1 + 4T + AG oy + AG o,

where AG,,_; <0 for T < T,, is the difference between
the Gibbs free energies for a crystal and a liquid per
crystal unit volume, which is thus the driving force of
crystallization, y > 0 is the interface energy, i.e., the
energy per unit surface area of the crystal-liquid inter-
face ('y does not depend on the curvature of the inter-
No. 6
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¥
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Fig. 4. Dependence of band-gap energy of solid solutions
in GaS—GaSe system on composition and temperature:
(1) 77 and (2) 300 K.

face ataradiusr), and AG,,, and AGy,, are the elas-
tic deformation energy and the lattice deformation
energy, respectively.

Correlations of Properties with Composition,
Structure of Phases, and Particle Size

The experimental results on the dependence of the
band-gap energy E, on the composition of the
GaS,Se, _, solid solutions (x = 0—1) confirm the iso-
morphic mixing between the isostructural GaS and
GaSe compounds of the same polytype (e- and B-GaX
polytypes) (Fig. 4). With the changing composition of
the complete range of solid solutions, isovalent substi-
tutions of selenium (by convention, Se~? with an ionic
radius in a crystal of r, = 0.198 nm) for sulfur (by con-
vention, S~2 with , = 0.186 nm) leads to a monotonic
change in E, for stable €- and B- GaS and GaSe poly-
types at different temperatures. At 298 K, for GaS and
GaSe, the E, value is 2.53 and 1.98 eV, respectively.
The concentration dependence of the band-gap
energy E, = f(x)GaS,Se,_, (x=0-1) is approxi-
mated by Eq. [5]
E,(x)=(1-x)E,(GaSe)

g

+ xE, (GaS) — bx (1 - x),

where b is the bending parameter, which quantitatively
determines the deviation from additivity (Fig. 4). The
band-gap energy for GaS,Se,_, solid solutions
(0 £x < 1) increases as a consequence of the change in
x from 0 to 1 mole fraction. Such a run of E, = f(x)
holds true at least for two stable €- and B-polytypes.

The effective charges of the atoms, evaluated by the
Bader scheme [33], indicate that there is a flow of a
small (~0.17 e) electronic charge from one [Ga-X]
layer to another [Ga-X] layer. Such charge states of
atoms differ from the states obtained using the ion

(7)
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model (Ga**, X?7). The chemical bonds in GaX layers
are likely to be of a mixed covalent-ionic type, whereas
the interlayer interactions are Van der Waals in behavior.

Within the scope of the DFT, the ab initio calcula-
tions of the electronic band structures for the GaS and
GaSe monolayers were performed. For separately
located GaS and GaSe layers, primitive supercells
were used. Sampling at the k& point was carried out
using the DFT method [10]. The primitive supercell
consists of two Ga atoms and two S (or Se) atoms in
two layers. To preclude interaction between neighbor-
ing cells along the ¢ axis, a vacuum was maintained
within 18 A along the direction normal to the layer
plane.

The band-gap energies for the optimized mono-
layer configurations of GaS and GaSe are, respec-
tively, 3.8277 and 3.072 eV for direct (I' — T') electron
transition, and 0.571 and 0.087¢V for AE,=
E, (direct) — E, (indirect) electron transition taking
into account the energy of the indirect transition
(Fig. 5). These values agree with the known data for
GaS and GaSe. The electronic band structures for 2D
GaS and GaSe and the plots of energy bands for
monolayer and bulky GaS and GaSe along the high-
symmetry k points are analogous and differ in the
maximum values for the valence bands. The band-gap
energy is a function of the number of layers.

Semiconducting structures based on thin-film
GaSe are highly photosensitive [12]. The GaSe film
sample was obtained by explosive evaporation in a vac-
uum. The thickness of the evaporated GaSe films was on
the order of one micrometer. In particular, spectra of
electroabsorption in the resulting thin-film sample were
taken (curve /) with an alternating (F,. = 6 X 10* V/cm)
and constant (F, = 10° V/cm) electric field applied to
it (Fig. 6). The electroabsorption in a single-crystal
GaSe sample was measured in an electric field of
F,.=5x10*V cm™! applied parallel to the ¢ axis of
the crystal. In both samples, aluminum was used as the
contacts.

A comparison of the results of measurements for
the semiconductor samples of gallium monoselenide
shows that the electroabsorption spectra for the amor-
phous GaSe film (curve /) and those for the GaSe sin-
gle crystal (curve 2) differ strongly. For the experi-
mental optical spectrum of the amorphous GaSe film,
there is no excitonic electroabsorption (curve /),
which was typical for the single-crystal GaSe sample
(curve 2). The electroabsorption signal in the GaSe
film was observed in an alternating electric field over a
long time after the constant electric field was switched
off. The presence of the electroabsorption signal when
only an alternating electric field is applied to the GaSe
sample indicates that there is a chaotic internal field in
the GaSe film.

The existence of such an internal field in the GaSe
film is likely to be due to the presence of microscopic
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(b)

Wave vector (k)

(c)

K r M K
Wave vector (k)

Fig. 5. Theoretical electronic band structures for 2D GaS
and GaSe. (a) Schematic of first Brillouin zone for hexag-

onal monolayer structure, where &, and 4, are vectors.
Plots of energy bands for (b) GaS and (c) GaSe monolay-
ers along high-symmetry k points. In calculated band
structures, Fermi level is set to zero energy.

inhomogeneities in the amorphous structure such as
crystallite boundaries, creating potential barriers for
the drift and recombination of the charge carriers. In
addition, in the near-contact region of the GaSe film,
the charge captured by the deep traps in the band gap
and injected from the contact accumulates. The emer-
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Fig. 6.  Electroabsorption spectra for (curve ])
Al/GaSe/Sn0O, semiconductor structure with amorphous
GaSe film thickness of d = 1000 nm and (curve 2) GaSe
single crystal grown by Bridgman method.

gence of an extra negative peak with an increasing
electric field is likely to be due to the change in absorp-
tion in this region.

In a macroscopic semiconductor crystal, the
energy levels of a GaSe particle form bands. The
valence band is filled and the conduction band is
empty at 0 K. The bands are separated by an energy
gap. When an electron receives the action of, e.g.,
thermal excitation, an electron—hole pair is generated.
The electron in the conduction band and hole in the
valence band are bound when they approach each
other at a finite distance.

This bound pair, i.e., exciton, is delocalized over
the whole crystal. The exciton Bohr radius is given by

ag = hzi-:/ 4n’e’ [1/m, +1/my], where € is the material
dielectric permittivity, m, and my, is the effective mass
of an electron and a hole, respectively, and e is the ele-
mentary charge.

The quantum size effects become observed at the
nanocrystal length of the exciton radius of ap. It is
~25 A for the GaSe thin film. The unit cell sizes for
semiconductor materials are smaller than the charac-
teristic de Broglie wavelength (A). In such materials,
A =h/my is in the range of nanometers and strong
confinement effects become apparent only when the
particle size approaches this value. In this dimension,
most materials have structures similar to the structures
of their bulk analogues.

No. 6
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The electronic structure of materials is closely
linked to their nature. In a three-dimensional object of
a large size, the electronic structure is not limited by
the size of the material. The electron wavelength is
much smaller than the length of the material. When
the electronic motion is limited in one dimension and
is free in the other two dimensions, it results in the cre-
ation of quantum wells and quantum films. In this
case, electrons feel a potential well, since they will be
captured by the quantum film. In such films, the den-
sity of states is stepwise in behavior. In the case of a
one-dimensional system, i.e., when electrons can
move freely in only one direction, the density of states
turns out to show the shape of the Lorentz line. Such
a situation is observed with carbon nanotubes. If elec-
trons are restricted to some point, a zero-dimensional
system results, in which electrons cannot move freely.
Here, states with a molecular character appear.

In bulk materials, the density of states changes
smoothly, whereas, in closed quantum systems, dis-
continuities occur. This leads to steps in the 2D con-
finement, peculiarities in the one-dimensional con-
finement, and retention and discrete lines in the zero-
dimensional confinement.

Among the properties that change dramatically
with size are the optical properties, including both the
absorption and emission of light, as seen from Fig. 6.
Similarly to nanocrystals, GaSe films have discrete
orbitals. As is well known, the block model predicts

the energies at the levels nzhz/ 8m.a’ (n=12,...) for
particles. Then the energy of the first level of a particle
will be shifted from the position typical for the bulk

value for these particles by hz/ Smea2 , where a is the
particle diameter. The band-gap energy increases with
a decrease in the particle size (a). As a consequence,
GaSe thin films can be sensitive to light in a broad
range; therefore, the color range can be varied versus
the particle size.

The band-gap energy increases with a decreasing
particle size, which is accounted for by the above-
mentioned size effect. The band-gap energy of the
GaSe film at room temperature is 2.2 eV, whereas, for
the GaSe single crystal this value was 1.98 eV, and, for
all compositions of the GaS,Se,_, solid solutions, the
measured band-gap energy rose to 2.5eV as x was
increased.

CONCLUSIONS

In the GaS—GaSe system, under the conditions of
the experiment carried out, taking the published data
into account, the formation of continuous phase
regions in which a condensed phase coexists in equi-
librium with a liquid phase was found. The results of
the calculations show that the curves of equilibrium in
the 7—x phase diagram of the quasi-binary GaS—GaSe
system in the liquid and solid phases are quite well
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approximated by the thermodynamic parameters of
melting (AH ™ (GaS) = 34 800 + 200 J/mol, 7™ (GaS) =

1288 £ 1 K, AH™(GaSe) = 30300 £ 200 J/mol). The
calculated solidus and liquidus temperatures differ by
<3 to 5% from the experimental ones within the error
limits. Such a result is explained by the smooth
strengthening of the intermolecular interaction
between the GaS and GaSe binary compounds and
between the chalcogen ions, emerging due to the anal-
ogous electronic structure in the vicinity of phase tran-
sitions (liquid <> solid) in the complete GaS,Se, _, solid
solutions (0 < x < 1). This means that the energy of the
intermolecular interaction between the initial compo-
nents in the liquid phase, compared to the covalent
bonds, is stronger than that in the solid phase, in
which a long-range order also acts between particles,
i.e., in liquid—crystalline phases, as early as in the dis-
ordered phase, there is a relatively strong anharmonic-
ity of the lattice vibrations, which is strongly enhanced
when transiting to the liquid state. Since the intermo-
lecular interactions have an electric nature and are the
sum of attractive forces (orientation, induction, and
dispersion forces) and repulsive forces, in a liquid
state, the latter become higher, and the liquidus line
differs from the experimentally obtained values more
than the solidus line does. This leads to the origination
of extra minima of the potential energy, which facili-
tates the covalent-ionic transport of particles in a lig-
uid phase. Therefore, when the experimental DTA
curves are provided, the proposed model makes it pos-
sible to theoretically predict the 7—x phase diagram of
the system including the initial compounds with the
analogous structure in a disordered phase, and enables
us to say if its continuous transition to an ordered state
is possible. In modeling the 7—x phase diagram for
GaS—GaSe, we took into account our experimental
data and the thermodynamic data for the initial GaS
and GaSe components. The approximated concentra-
tion-temperature dependence of the Gibbs free energy
of mixing for GaS,Se,_, solid solutions (0<x<1)
agrees with the 7—x phase diagram of the GaS—GaSe
system.

Based on the analysis of the thermodynamic and
kinetic conditions of the growth and solidification of
phases in the 2D GaS—GaSe system, the structural-
chemical mechanism of formation of GaS,Se,_, solid
solutions (0 < x < 1) does not change with the compo-
sition at the temperatures of the synthesis. This is
explained by stability of the phases during isovalent
substitution, which does not change the mechanism of
the formation of phases in the system.

An increase in the concentration of one of the
components leads to the formation of phases with a
layered structure of the GaS type, in which a portion
of the chalcogen ions is substituted for the ions of
another chalcogen, with the band-gap energy (£,)
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changing monotonically within the homogeneity
region.

In the context of the density functional theory, the
calculated (GGA approximation) values of the band-
gap energy E, for the samples were, in particular, for
GaS and GaSe monolayers, 3.8277 and 3.072 eV,
respectively. These E, values differ strongly from the
experimental data for bulk GaS (2.53 eV) and GaSe
(1.98 eV) samples at 298 K. The reason for the incon-
sistencies in the Egcalc and E,”® values, apart from the
particle size, may be the problem of the adequacy of
the local exchange-correlation potential used in the
calculation.

Comparison between the electroabsorption spectra
for the amorphous GaSe film samples and bulk GaSe
samples reveals that the properties of the investigated
amorphous film are close to those of the nanocrystal-
line material. The excitonic electroabsorption, which
was observed with the single-crystal GaSe sample, is
not typical for the thin-film GaSe. The electroabsorp-
tion signal in the GaSe film was observed in the alter-
nating electric field over a long time after the constant
electric field was switched off.
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